It was observed that interferon ␤ (IFN-␤
Introduction
Dendritic cells (DCs) represent a major class of antigen-presenting cells characterized by their unique ability to prime naive T cells. 1 Recent works demonstrated the existence of several DC subsets that differentiate from either lymphoid or myeloid bone marrow progenitors. 2, 3 A critical factor for myeloid DC development is granulocyte-macrophage colony-stimulating factor (GM-CSF), 4, 5 whereas lymphoid DCs are dependent on interleukin-3 (IL-3) for their survival. 6, 7 On the basis of the expression of myeloid markers (for example, CD11c) or IL-3 receptor ␣ chain (IL-3R␣ [CD123]) expression, 2 types of DC precursors have been isolated from human peripheral blood. 7 One subtype displays myeloid surface markers and low levels of IL-3R␣, whereas another subtype of putative lymphoid origin expresses IL-3R␣, is exquisitely dependent on IL-3 for its survival, and is a strong producer of type 1 interferons (IFNs). Human myeloid DCs can be easily generated in vitro by culturing monocytes in the presence of GM-CSF and IL-4, 4,5 whereas the so-called lymphoid DCs have been obtained by the isolation of precursors from blood or lymph nodes. 6, 7 Type 1 IFNs are produced by several cell types in response to viral, bacterial, and protozoan infections. [8] [9] [10] [11] [12] [13] Through their multiple effects on natural killer cells and T cells, type 1 IFNs represent a critical link between innate and acquired immunity. 14 Recent studies indicate that type 1 IFNs might also influence DC differentiation and maturation. 15, 16 Indeed, IFN-␤ was shown to promote monocyte differentiation into short-lived DCs rapidly undergoing apoptosis. 16 Because IL-3 is a well-known survival factor for cells of the myeloid lineage, we reasoned that a combination of IL-3 and IFN-␤ might allow the generation of a new type of DCs. To investigate this possibility, we determined the effect of IFN-␤ on the expression of IL-3R␣ on monocytes, and we characterized the phenotype and T-cell stimulatory capacity of cells derived from monocytes cultured in IL-3 and IFN-␤.
Materials and methods

Cell preparation and culture
Peripheral blood mononuclear cells (PBMCs) were obtained from heparinized blood of healthy donors by centrifugation over Lymphoprep density gradient (Nycomed, Oslo, Norway). Monocytes were obtained either by 2-hour adhesion in 75-cm 2 flasks or by centrifugation over Nycoprep density gradient (Nycomed). This was followed by magnetic cell sorting using a commercially available monocyte isolation kit that allowed cell suspensions containing more than 95% monocytes (Miltenyi Biotec, Auburn, CA) to be obtained. To generate DCs using IL-4 and GM-CSF, purified monocytes were cultured for 4 to 6 days in RPMI 1640 (BioWhittaker Europe, Verviers, Belgium) supplemented with 2 mM L-glutamine (Gibco, Paisley, Scotland), 20 g/mL gentamicin, 50 M 2-mercaptoethanol (Gibco), 1% nonessential amino acids (Gibco), and 10% fetal bovine serum (BioWhittaker Europe) in 75-cm 2 flasks or 6-well plates (7.5 ϫ 10 5 cells/mL) in the presence of GM-CSF (800 U/mL) and IL-4 (500 U/mL), kindly provided by Schering-Plough (Kenilworth, NJ), as described by Romani et al. 4 In parallel, monocytes were cultured for 4 to 6 days in the presence of IFN-␤ (1000 U/mL) (Ares Serono Europe, London, United Kingdom) and IL-3 (50 U/mL) (R&D Systems Europe, Oxon, United Kingdom), alone or in combination.
Electron microscopy study
Dendritic cells were fixed with 2% glutaraldehyde and Millonig phosphate buffer for 2 hours. Cell blocks obtained after 1200g centrifugation for 10 minutes were postfixed with 2% osmium tetroxide and embedded in epoxy resin. Ultrathin sections were stained with uranyl-acetate and lead citrate. Ultrastructural study was performed using the electron microscope EMT400 (Philips, Eindhoven, Holland).
Flow cytometry analysis
For immunophenotyping, cells were washed in phosphate buffered saline supplemented with 0.5% bovine serum albumin and incubated for 15 minutes at 4°C with one of the following fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated monoclonal antibodies: FITCanti-HLA-DR IgG2a, PE-anti-CD11c IgG2b, PE-anti-CD14 IgG2b, PEanti-CD80 (B7-1) IgG1, and PE-anti-CD123 (IL-3R␣) IgG1, all from Becton Dickinson (Mountain View, CA), PE-anti-CD86 (B7-2) IgG2b from PharMingen (San Diego, CA), and PE-anti-CD40 IgG1 from Biosource International (Camarillo, CA), FITC-anti-CD1a IgG2a from DAKO (Glostrup, Denmark), PE-anti-CD83 IgG2b from Immunotech (Marseilles, France), and unconjugated DC-LAMP IgG1 from Beckman Coulter (Brea, CA). Cells were also stained with corresponding isotypematched control monoclonal antibodies and then analyzed using a FACScan flow cytometer (Becton Dickinson).
Apoptosis analysis
Apoptotic cell death was measured by flow cytometry using FITCconjugated annexin V (Becton Dickinson) and propidium iodide (SigmaAldrich, Bornem, Belgium) according to the manufacturer's protocol.
Endocytosis assay
FITC-dextran (Molecular Probes, Eugene, OR) was used to assess cell endocytosis, as described by Sallusto et al. 17 Briefly, cells were incubated with 1 mg/mL FITC-dextran at 37°C for 5, 15, or 30 minutes and then analyzed using the FACScan flow cytometer.
Dendritic cell stimulation
DCs (5 ϫ 10 5 /mL) were stimulated by bacterial lipopolysaccharide (LPS) (1 g/mL), formaldehyde-inactivated influenza virus strain New Caledonia (kindly provided by N. Kuehm, Aventis, Pasteur Mérieux, Val de Reuil, France), or Polyinosinic-polycytidylic acid (Poly [I:C] [20 g/mL]) (Sigma), for 24 hours or 48 hours, respectively, and culture supernatants were then assayed for cytokine levels. In parallel, DCs (2 ϫ 10 5 /mL) were activated by coculture with irradiated 3T6 fibroblasts transfected with the human CD40L gene (CD40L transfectants) (5 ϫ 10 4 /mL), and supernatants were harvested after 3 days for a determination of cytokine levels.
Mixed leukocyte cultures
DCs were cocultured in 96-well flat-bottom plates with allogeneic naive CD4 ϩ T cells (2 ϫ 10 5 /mL) isolated from newborn cord blood or adult PBMCs. CD4 ϩ T cells were purified by magnetic cell sorting using a commercially available CD4 T-cell isolation kit (more than 95% purity as assessed by FACS analysis) (Miltenyi Biotec). In the case of adult CD4 ϩ T cells, a CD45RA isolation kit (Miltenyi Biotec) was used for the enrichment in naive cells. After 5 days, cell proliferation was assessed by [ 3 H] thymidine uptake during the last 16 hours, and culture supernatants were collected for a determination of cytokine levels.
Determination of cytokine levels
Enzyme-linked immunosorbent assay (ELISA) kits were purchased from Biosource Europe (Fleurus, Belgium) for the determination of IFN-␣, IL-6, IL-8, and IL-12 (p40) levels. Determination of IL-12 (p70) levels was performed using a commercially available kit (Endogen, Woburn, MA). IFN-␥ and IL-5 levels were measured by 2-site sandwich ELISA using antibodies from Chromogenix (Mölndal, Sweden) and PharMingen, respectively.
Statistical analysis
Statistical significance was determined using the 2-tailed paired Wilcoxon test.
Results
IFN-␤-treated monocytes maintain IL-3R␣ expression and depend on IL-3 for their survival
As shown in Figure 1 , monocytes purified from PBMCs express IL-3R␣ (CD123) but lose this expression after 6 days of culture in medium alone. The loss of IL-3R␣ expression was prevented when IFN-␤ (1000 IU/mL) was added on the first day of culture ( Figure  1 ). This analysis was performed on the fraction of viable cells in the culture. Indeed, more than 90% of monocytes cultured in medium alone or in the presence of 1000 IU/mL IFN-␤ were apoptotic, as assessed by flow cytometry using double staining with annexin V and propidium iodide (Figure 2 ). The addition of IL-3 on the first day of culture dramatically enhanced monocyte survival. Indeed, more than 65% of cells were still alive after 6 days of culture in the presence of IL-3 and IFN-␤.
Monocytes cultured in presence of IL-3 and IFN-␤ differentiate into DCs
To characterize the cells obtained by monocyte culture in IL-3 and IFN-␤, we first analyzed their ultrastructural morphology. As shown in Figure 3 , monocytes cultured under this condition acquired cytoplasmic expansions of the dendritic type. Cells derived from monocytes cultured in IL-3 and IFN-␤ will, therefore, be referred to as IL-3-IFN-␤ DCs. Compared with DCs generated in IL-4 and GM-CSF, they expressed lower levels of CD1a but higher levels of IL-3R␣ (CD123), HLA-DR, CD80, and CD86. Both types of DCs lack surface expression of CD3, CD8, CD16, CD19, CD45RA, and CD154 (CD40L) (data not shown). When monocytes were cultured in IL-3 alone, they strongly adhered to plastic, so that only limited numbers of such cells could be collected for further analysis. By flow cytometry, they expressed lower levels of CD80 and CD86 and higher levels of CD14 than IL-3-IFN-␤ DCs (Figure 4 ), suggesting that they are closer to macrophages. In additional experiments, we found that IFN-␣ exerts a similar effect as IFN-␤ because the IL-3ϩIFN-␣ combination also resulted in the generation of myeloid IL-3R␣-positive DCs expressing CD80 and CD86 ( Figure 5 ).
The endocytosis capacity of IL-3-IFN-␤ DCs was studied by fluid phase uptake of FITC-dextran. As shown in Figure 6 , IL-3-IFN-␤ DCs actively captured dextran, though they were less potent than IL-4-GM-CSF DCs in doing so.
To further study the maturation status of IL-3-IFN-␤ DCs, we analyzed their expression of CD83 and DC-LAMP, which are established markers of mature DCs. As shown in Figure 6 , each marker was absent on resting IL-3-IFN-␤ DCs but was clearly up-regulated on LPS stimulation (Figure 7) . To analyze the production of IFN-␣, we included as additional stimuli formaldehyde-inactivated influenza virus and Poly (I:C), which mimics viral double-stranded RNA. As shown in Table 2 , Poly (I:C) was the only stimulus inducing IFN-␣ production by IL-3-IFN-␤ DCs. Under this condition, IFN-␣ levels secreted by IL-3-IFN-␤ DCs were more than 10-fold higher than those produced by IL-4-GM-CSF DCs (128 Ϯ 24 pg/mL; P Ͻ .05).
T-cell activation induced by IL-3-IFN-␤ DCs
To evaluate the ability of IL-3-IFN-␤ DCs to elicit naive T-cell responses, mixed leukocyte cultures were first prepared between cord blood CD4 ϩ T cells and either IL-4-GM-CSF or IL-3-IFN-␤ DCs. At all stimulator-responder ratios, IL-3-IFN-␤ DCs were as efficient as GM-CSF-IL-4 DCs to induce CD4 ϩ T-cell proliferation ( Figure 8A ). In subsequent experiments designed to analyze the profile of cytokines secreted by T cells upon exposure to allogeneic DCs, mixed leukocyte cultures were prepared using adult naive CD45RA ϩ CD4 ϩ T cells as responder cells. As shown in Figure  8B , IL-3-IFN-␤ DCs induced the production of large amounts of IFN-␥, greater than those elicited by IL-4-GM-CSF DCs. To determine whether IL-12 was involved in the induction of IFN-␥ production, we added a neutralizing anti-IL-12 antibody to the mixed leukocyte cultures. IL-12 neutralization inhibits more than 60% of IFN-␥ production, whatever the DC type considered (data not shown), indicating that the low levels of IL-12 secreted by IL-3-IFN-␤ DCs contribute to their ability to elicit IFN-␥ production by T cells. Similarly, IL-3-IFN-␤ DCs also induced IL-5 production in mixed leukocyte culture and were more efficient than IL-4-GM-CSF DCs in that respect ( Figure 8B ).
Discussion
Among DC populations, distinct lineages were defined according to the expression of surface molecules. CD11c ϩ CD123 Ϫ DCs display features of myeloid lineage and depend on GM-CSF for their survival. 5, 18 IL-3-dependent CD11c Ϫ CD123 ϩ DCs are thought to belong to lymphoid lineage, 7 though Olweus et al 19 showed that in T-cell-dependent areas of human lymphoid organs, a large subset of DCs expressing high levels of IL-3R␣ belong to a myeloid lineage. The experiments described in this article demonstrate that monocytes cultured in IL-3 and IFN-␤ give rise to a distinct type of DCs expressing high levels of CD11c and CD123 surface molecules. Interestingly, IL-3 was previously shown to cooperate with tumor necrosis factor in the generation of dendritic/ 
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BUELENS 20 Because our starting population consisted of purified monocytes and the IL-3-IFN-␤ DCs differed from the dendritic/Langerhans cells in terms of CD1a and CD14 expression, it appeared that IL-3 could promote the differentiation of distinct DC populations.
Recently, it was shown that IFN-␤ has the ability to enhance the maturation of monocyte-derived DCs. 21 Compared with classical DCs generated in GM-CSF and IL-4, IL-3-IFN-␤ DCs are at a higher stage of maturation, as indicated by their increased surface expression of costimulatory and HLA molecules. Decreased endocytic capacity of IL-3-IFN-␤ DCs may also reflect their higher maturation level. 22 As far as cytokine production is concerned, IL-3-IFN-␤ DCs secrete lower levels of IL-12 than GM-CSF/IL-4 DCs. This could be related to their higher stage of maturation; DC maturation was previously shown to result in lower production of IL-12. 23 Moreover, IFN-␤ might directly inhibit IL-12 synthesis by DCs. 24 Although they display several features suggestive of a higher degree of maturation than IL-4-GM-CSF DCs, IL-3-IFN-␤ DCs should not be considered fully mature because they do not express CD83 and DC-LAMP. However, these markers clearly appeared with LPS stimulation, as in the case of IL-4-GM-CSF DCs.
A previous study observed that DCs differentiated from monocytes cultured in the presence of IFN-␤ and GM-CSF are shortlived. 16 In this report, we demonstrate that IL-3 rescues monocytes cultured in the presence of IFN-␤ from apoptosis and allows them to differentiate into mature DCs. These observations demonstrate a cooperative effect of IL-3 and IFN-␤ on cell survival and differentiation. Little is known about the effect of type 1 and type 2 IFNs on IL-3R expression. The effect of type 1 IFNs on IL-3R␣ expression has never been assessed to our knowledge, but IFN-␥ proved to up-regulate IL-3R␣ expression in human endothelial cells. 25 Moreover, IFN-␥ has been shown to have a synergistic effect with IL-3 on the growth of immature human hematopoietic progenitors, 26 though this effect was not correlated with the up-regulation of IL-3R␣ expression. 27 Nevertheless, IL-3 is known to stimulate monocyte differentiation from myeloid progenitors and their activation. [28] [29] [30] More recently, IL-3 proved to be a critical survival factor for IL-3R␣ ϩ precursors of DCs isolated from human blood, lymph nodes, and bone marrow. 6, 7, 19 Despite their low IL-12 production, IL-3-IFN-␤ DCs stimulate high levels of IFN-␥ production from adult CD4 ϩ T cells, suggesting that they use other factors or membrane molecules to elicit the synthesis of Th1 cytokines. In fact, IL-12-independent pathways of IFN-␥ production were recently described. 13, 14, [31] [32] [33] However, the reduced IFN-␥ levels measured on IL-12 neutralization indicate that IL-12 contributes to the function of IL-3-IFN-␤ DCs.
The capacity of IL-3-IFN-␤ DCs to produce high levels of IFN-␣ on Poly (I:C) stimulation might be relevant to their effects in the setting of viral infections. 34 This response to Poly (I:C) is consistent with their myeloid origin. 35 Interestingly, IL-3-IFN-␤ DCs do not significantly respond to influenza virus, perhaps in DCs were generated in the presence of GM-CSF and IL-4 or IL-3 and IFN-␤ and were activated with LPS (1 g/mL) for 24 hours or with 3T6-CD40L transfectants for 3 days. Cytokine levels in supernatants were measured by ELISA, and results were expressed as means Ϯ SEM of 6 independent experiments on different blood donors. *P Ͻ .05 compared with DCs generated in GM-CSF and IL-4 (Wilcoxon test). DCs were generated in the presence of IL-3 and IFN-␤ and were activated with 3T6-CD40L transfectants for 3 days or LPS (1 g/mL) for 24 hours or with influenza virus for 24 hours or Poly (I:C) for 48 hours. IFN-␣ levels in supernatants were measured by ELISA, and results were expressed as means Ϯ SEM of independent experiments on different blood donors. BLOOD, 1 FEBRUARY 2002 ⅐ VOLUME 99, NUMBER 3 For personal use only. on April 6, 2017. by guest www.bloodjournal.org From relation to the induction of MxA by IFN-␤. 36 Indeed, the differential responsiveness to influenza virus and Poly (I:C) is consistent with the fact that Poly (I:C) acts on the protein kinase R expressed in the cytoplasm, whereas surface receptors are involved in response to whole viruses. 37 Monocyte-derived IL-4-GM-CSF DCs are now used clinically as tools to induce antitumor immunity. [38] [39] [40] Herein, we show that IL-3-IFN-␤ DCs are more efficient than IL-4-GM-CSF at eliciting IFN-␥ and IL-5 production by helper T cells. This might be relevant to cancer vaccination because both cytokines were found to synergize in tumor rejection. 41 Because of their ability to induce the production of IFN-␥ and IL-5 and their easy generation from peripheral blood monocytes, we suggest that IFN-␤-IL-3 DCs might be of interest for the development of new cancer therapies based on DCs.
